Pancreatic β cells undergo significant expansion and maturation during human and rodent postnatal development. Here, we used single-cell RNA-seq to characterize gene expression patterns at various stages of mouse islet cell development and uncovered a population of cells that is most abundant during the early postnatal period. This cell population lacks expression of FLTP and expresses PDGF receptors. Each of these conditions have previously been associated with proliferative capacity in β cells suggesting that we have identified the proliferative competent of β cell mass expansion. The subpopulation co-express many endocrine lineage-specific genes and exhibits a downregulation of genes associated with mitochondrial oxidative phosphorylation and global protein synthesis. It has upregulated activity of genes in the Wnt, Hippo, PDGF, and Notch pathways and has a significantly higher proliferation potential than the more mature β population. We show that activity of the Notch pathway is required in postnatal β cell expansion where it serves to maintain an undifferentiated endocrine state in the polyhormonal cell population. Collectively, our study identifies a proliferative, progenitor-like cell subpopulation in the postnatal islet as the source of postnatal β cell expansion.
Introduction
Pancreatic β cells naturally adapt, through increased insulin production and compensatory β cell proliferation, to meet high insulin demand in physiological and pathological circumstances, including growth, pregnancy, obesity and injury (Dor et al. 2004; Brennand et al. 2007; Nir et al. 2007; Teta et al. 2007; Meier et al. 2008) . Diabetes mellitus results when adaptation fails to produce sufficient functional β cell mass. While type 1 diabetes (T1D) is caused by autoimmune destruction of β cells, progression to type 2 diabetes (T2D) includes an initial compensatory expansion of β cell mass via increased β cell replication, in response to peripheral insulin resistance, followed by a progressive loss of functional β cells and overt hyperglycemia (Heit et al. 2006; Rahier et al. 2008; Talchai et al. 2009 ). Obesity is a major cause of peripheral insulin resistance; however, only a third of obese adults develop T2D, implying that defects in adaptive mechanisms are likely to feature in the pathogenesis of T2D (Linnemann et al. 2014) . Harnessing the adaptive responses of β cells has been proposed as an attractive approach to treat both T1D and T2D (Uchida et al. 2005; Butler et al. 2007; Nir et al. 2007; Linnemann et al. 2014; Cheng et al. 2017 ).
After birth, replication of pre-existing, insulin expressing β cells is the predominant means for β cell mass increase in both humans and rodents (Dor et al. 2004; Brennand et al. 2007; Nir et al. 2007; Teta et al. 2007; Gregg et al. 2012) . Based on this, expansion of adult human β cells in vitro has been explored as a replacement cell therapy for diabetes. However, full expression of β cell features and functional activities in in vitro culture is a major hurdle still to be overcome (D'Amour et al. 2006; Russ et al. 2009 ; Bar et al. 2012; Lenz et al. 2014) . Therefore, an understanding of the extrinsic and intrinsic regulations governing β cell regeneration, as well as demarcation of the molecular differences between proliferating and functional β cells could help identify new therapeutic targets for diabetes prevention and treatment.
During physiological growth, β mass expansion is dependent upon PDGF signaling and has a characteristic time course with proliferation peaking in the early postnatal period and gradually declining thereafter to adulthood (Teta et al. 2005 ; Krishnamurthy et al. 2006; Meier et al. 2008; Chen et al. 2011) . Although β cells have long been considered to form a homogeneous population that broadly retains regeneration potential (Brennand et al. 2007; Teta et al. 2007 ), recent studies have indicated heterogeneity in the proliferative capacity of this population, both in humans and rodents (Bader et al. 2016; Dorrell et al. 2016; Wang et al. 2016 ). In particular, FLTP, a Wnt/planar cell polarity (PCP) effector, acts as a biomarker that distinguishes proliferation-competent from mature β cells. Fltp -Nkx6.1 + β cells, which are more evident in postnatal animals and during pregnancy, have poorer glucose sensing and insulin secretion, and show marked higher proliferative capacity, compared to Fltp + Nkx6.1 + β cells (Bader et al. 2016) .
To explore β cell heterogeneity during the postnatal period and gain insight into differences between proliferating and mature β cells, we profiled the gene expression patterns of islet cells at multiple developmental stages (E18.5, P1.5, P4.5, P7.5 and adult) using single-cell RNA-seq (Gutierrez et al. 2017) . This allowed us to identify a Fltp -,
Nkx6
.1 + population that is most apparent at P7.5. Differential gene expression analyses distinguish this cell population from Nkx6.1 + β cells despite the fact that both populations express transcription factors, such as Isl1, Nkx2.2, Nkx6.1, Pax6, Pdx1 and Mafb, that are characteristic of β cells. Importantly, we show that during the postnatal period of rapid β cell mass expansion this cell population displays significantly higher proliferation potential than more mature β cells and expresses both receptors and ligands of the PDGF pathway, and indicating that an autocrine growth mechanism may be involved in postnatal β cell expansion. Relative to β cells and α cells of all ages studied, the Fltp -,
.1 + \ population expresses low levels of both insulin and glucagon transcripts and very low levels of genes associated with protein synthesis and mitochondrial oxidative phosphorylation, a pattern seen in a number of stem or progenitor cell populations (Signer et al. 2014; Llorens-Bobadilla et al. 2015; Wanet et al. 2015; Blanco et al. 2016) .
This cell population also expresses receptors and ligands of the Wnt, Hippo and Notch signaling pathways as well as their corresponding downstream targets suggesting that a broad autocrine program is involved in β cell expansion. We further demonstrate that Notch signaling maintains these cells in an undifferentiated state and is required for β cell expansion. Taken together, our studies identify a subpopulation of cells in the islets at P7.5 that are maintained in an undifferentiated and proliferative progenitor-like state through autocrine or paracrine regulation and that drive postnatal β cell expansion.
Results

β cell proliferation peaks one week after birth
While total β cell mass increases continuously from birth until adulthood, there is significantly more proliferation at age P7.5 relative to P1.5, P21, and young adult (3 months old) (Fig. 1A, B) . To understand the gene expression changes that might promote this increase in β cell proliferation during the early postnatal period, we used fluorescence activated cell sorting (FACS) followed by RNA sequencing (RNA-seq) to define the transcriptomes of eGFP-positive β cells from E18.5, P1.5, P7.5, P21, and young adult (3-month old) MIP1-eGFP mice (Hara et al. 2003) . Pairwise comparisons between consecutive ages, as well as between E18.5 and young adult, and P7.5 and young adult, identified 2,310 differentially expressed transcripts (Supplemental Table   S1 ). Unsupervised hierarchical clustering partitioned these genes into four distinct clusters (Fig. 1C ). Corresponding well with the gradual maturation of glucosestimulated insulin secretion of β cells after birth (Blum et al., 2012) , genes involved in hormone processing and secretion were upregulated with increasing age, including Table S1 ).
On the other hand, mirroring the proliferation pattern of β cells during the initial period after birth, there was a biphasic pattern of cell division-associated genes with significantly elevated expression at E18.5, P7.5, and P21, such as Cdk1, Cdk6, Ezh2, Foxm1, Mcm2, Mki67, Myc, and Top2a (Cluster II) (Fig. 1C; Supplemental Fig. S1 ;
Supplemental Table S1 ). Interestingly, we also found a small group of genes with peak expression immediately following birth at P1.5 and preceding the peak of cell division at P7.5 (Cluster IV) ( Fig. 1C ; Supplemental Fig. S1 ; Supplemental Table S1 ). Amongst these genes we could detect Pdgfa, a gene of particular interest since PDGF signaling, which acts through Ezh2 induction, is required for the proliferative capacity of pancreatic β cells in young mice (Chen et al. 2011) . The upregulation of Pdgfa in anticipation of the proliferative surge at P7.5 and the corresponding induction of Ezh2 that parallels proliferation is consistent with the prior conclusion that this pathway drives postnatal β cell proliferation.
Single-cell RNA-seq identifies four clusters of cells in adult islets
We next explored the use of single-cell RNA-seq (scRNA-seq) as a method for defining the transcriptional profiles of individual cells in the postnatal islet (Xin et al. 2016) . As a first step we used young adult islet cells from C57BL/6 mice to evaluate the potential utility of this approach. Purified islets were handpicked from 3-month old C57BL/6 mice, dissociated into single cells, and captured using the Fluidigm C1 integrated fluidic circuit for RNA-seq (Chen et al. 2017 ) (Materials and Methods). In total, 159 single cell transcriptome datasets from two independent experiments passed the selection filters designed to exclude dying cells and doublets (Materials and Methods). To measure the molecular similarity across individual cells, we calculated the cell-to-cell pairwise Pearson correlation coefficients. The correlation analysis excluded genes in the bottom 10% variance bin, as well as any genes with less than 0.1 RPKM in all selected cells. We also excluded the 15 highest expressed cell-type specific genes, including those encoding the cell-type specific endocrine hormones, from the coefficient calculation, reasoning that these highly expressed genes could overwhelm and obscure the recognition of important cell subtypes or sub-states (Materials and Methods). Although the exclusion of the top 15 cell-type specific genes led to a decrease in pairwise correlation coefficients in general, it did help us uncover hidden subpopulations that shared some hormone signatures with other subpopulations.
The hierarchical clustering of the resulting correlation coefficients ( Fig. 2A, top) revealed three distinct endocrine cell types that, when compared with the expression of endocrine hormone genes (Gcg, Iapp, Ins1, Ins2, Pyy, Ppy, and Sst) Fig. 2A ). Due to their unique gene expression pattern it was apparent that these were not the result of capturing cell aggregates. These cells showed striking similarity to the PDGF expressing cells described below, so to be consistent with our designation of the proliferative cell compartment described below, we referred to these cells as π cells ( Fig. 2; Supplemental Fig. S2 ).
Differentially expressed genes in adult islets
To confirm known cell-type specific gene expression and to identify novel molecular markers for islet cell types, we performed differential expression analysis on selected young adult islet cells using Monocle. Using this approach we identified 1,327 differentially expressed genes (FDR < 0.01) (Materials and Methods). Unsupervised hierarchical clustering of these genes identified enrichment of the well-established markers Nkx6.1, Pdx1, Scl2a2, and Unc3 in the β cell the cluster and enrichment of Arx, Mafb, Irx1 and Irx2 in the α cell cluster (Petri et al. 2006; Romer and Sussel 2015) . We further confirmed enrichment of Hhex, a recently discovered δ cell-specific transcription factor, and Pdx1 in the δ cell population (Zhang et al. 2014 ) ( Fig. 2A ; Supplemental S2A; Supplemental Table S2 ).
In addition to these established genes, we identified a couple of novel cell-type specific markers, such as Mef2c for δ cells and Etv1 for both α cells and δ cells ( Fig.   2A ; Supplemental Table S2) . Surprisingly, the endocrine progenitor factor Neurog3 was detected more often in the δ cell population (~50% of δ cells) relative to β cell, α cell, and π cell populations (< 5% β cells, α cells, and π cells). To further investigate the relationship between the four cell populations in adult mouse islets, we performed tDistributed Stochastic Neighbor Embedding (t-SNE) analysis (Materials and Methods).
As expected, t-SNE clustered the majority of cells into four distinct groups (β, α, δ, and π) with the π group closer to the β group than either the α or δ groups (Fig. 2B) .
Interestingly, several β cells clustered within the π group implying that these cells were likely either intermediate cells or π cells that were misidentified as β cells due to the molecular similarity of two cell types.
P7.5 islets are enriched with two types of polyhormonal cells
To identify the cell types associated with proliferation in the early postnatal islet and unravel the regulatory mechanisms underlying this process, we handpicked islets from P7.5 MIP1-eGFP mice and generated 201 scRNA-seq datasets from three independent experiments (Materials and Methods (Chera et al. 2014 ).
In addition to α and β cells, a substantial number of cells exhibited a gene expression pattern similar to π cells, and co-expressed transcription factors generally restricted to either α, β or δ cells in the adult islet (Fig. 3A) . The P7.5 π cells can be divided into two sub-clusters, with π_I cells exhibiting somewhat higher, although still low, levels of hormone transcript (log 2 (RPKM+0.0001) = 5-10), while π_II cells exhibit even lower expression (log 2 (RPKM+0.0001) = 2-5) of hormone transcripts (Fig. 3A) .
As evident by the correlation matrix, π_I cells are molecularly diverse with pairwise correlation coefficients < 0.4, akin to adult π-cells ( Fig. 2A, 3A) . By comparison, π_II cells are relatively more homogenous. To exclude the possibility that π cells represent contaminating cells not being removed during islet purification, we examined the expression patterns of multiple alternative lineage-specific genes, and concluded that π cells were a distinct islet cell type (Supplemental Fig. S2B, S3A ).
We also identified minor β cell and α cell subpopulations, indicating a greater degree of heterogeneity in cell identity during postnatal development. These cells display gene expression patterns that likely reflect transitional states and statistically cluster between the larger α cell and β cell populations and π population (Fig. 3A, B) .
We provisionally designated the minor subpopulation of β cells as β-like cells and, likewise, the minor population of α cells as α-like cells. Due to the relatively low number of cells in these two groups, they were excluded from downstream statistical analyses such as differential expression and pseudotime ordering (Materials and Methods).
Development-associated genes and pathways are upregulated in P7.5 π cells
Differential expression analysis of cells isolated from P7.5 islets identified 3,911
genes. Hierarchical clustering partitioned these genes into seven modules: (1) α enriched genes, (2) β enriched genes, (3) π_I enriched genes, (4) π_II enriched genes, (5) genes enriched in both π_I and π_II cells, (6) genes enriched in all except π_I cells, and (7) genes enriched in all except π_I and π_II cells ( Fig. 3B ; Supplemental Table   S3 ). Not surprisingly, the genes enriched in P7.5 β or α clusters are annotated to canonical β or α cell functions, such as vesicle formation and regulated hormone secretion. For instance, G6pc2, Nkx6.1, Pcsk1, Pdx1, Slc2a, and Ucn3 were enriched in β cells, while Arx, Irx1, Irx2, and Mafb were enriched in α cells.
In contrast, π_I and π II cells were enriched for genes related to proliferative expansion of the endocrine islet, including genes related to diverse nuclear structure and biosynthesis (such as Anapc1, E2f5, Mdm2, Plk2, Top1, Top2a, and Top2b) , extracellular matrix formation, cell adhesion, and cell migration, suggesting these cells might have roles in proliferation, endocrine islet tissue structure, and β cell maturation (Arous and Wehrle-Haller 2017) . Furthermore, genes involved in stem cell/progenitor maintenance and tissue development were also enriched in π cells, including Krüppel-like factors (Klf2, Klf4, Klf6, Klf12, and Klf14) and Sry-related HMG box genes (Sox4, Sox6, Sox9, Sox11 and Sox17), as well as multiple signaling pathways that are known to govern developmental processes ( Fig Table S3 ).
Notably, we identified significant upregulation of both Pdgf ligands and receptors in π_I and π_II cells. Given the established role for PDGF signaling in agedependent β cell proliferation (Chen et al. 2011) , this supports the interpretation that π cell populations have a critical role in the postnatal expansion of β cell mass. The expression pattern of PDGF pathway components implies that growth regulation involves both autocrine and paracrine mechanisms. For example, Pdgfrb and Pdgfb are upregulated in π_I and π_II cells, while Pdgfra is only upregulated in π_II cells, and
Pdgfa was detected in majority of P7.5 islet cells (Fig. 3C ). The upregulation of cell cycle genes such as Cdk1, Cdk4, Cdk6 and Ccnd1, have been shown to induce β cell proliferation in vitro and in vivo and enhance human β cell engraftment (Vasavada et al. 2006; Fiaschi-Taesch et al. 2009; Fiaschi-Taesch et al. 2010; Tiwari et al. 2015) .
Consistent with the role of PDGF signaling in cell cycle activation (Chen et al. 2011), we found that Cdk1 and Cdk6, as well as Cdk11b, Cdk13 and Cdk14 were enriched in the π_I and π_II cell populations, while Ccnd1 and Cdk4 were expressed in the majority of P7.5 islet cells (Fig. 3C ).
In addition to PDGF signaling, π_I and π_II cells exhibited significant enrichment of Hippo and Wnt pathway components (Fig. 3C ). These pathways have important roles in growth regulation and differentiation in many tissues, including pancreatic islet (Liu and Habener 2010; Shu et al. 2012; Bernal-Mizrachi et al. 2014; Takamoto et al. 2014; Cebola et al. 2015; George et al. 2015; Riley et al. 2015) , however specific roles in postnatal β cell expansion have not been clearly defined.
While Hippo-signaling effector gene Tead1 was expressed in most P7.5 islet cells, the expression of its co-activators Yap1 and Wwtr1 (Taz) was limited to π_I and π_II cells.
Importantly, two YAP1/WWTR1 downstream targets Ctgf and Cyr61 were also enriched in π_I and π_II cells, suggesting YAP1 and WWTR1 are functionally active in π cells (Fig. 3C ). We also observed differential expression of multiple components of the Wnt signaling cascade in P7.5 islet cells. While Wnt4 was broadly expressed in the majority of P7.5 islet cells, Wnt5a was enriched in π_II cells, and Fzd4, Fzd5, Tcf7l1
and Tcf7l2 were enriched in both π_I and π_II cells. Lgr6, an R-spondin receptor gene and putative stem/progenitor cell marker, was also enriched in both π_I and π_II cells.
In contrast, β cells exhibited upregulated expression of Wnt-antagonist Frzb and roughly half of the β cell population expressed Fltp (1700009P17Rik), a Wnt/PCP effector and newly discovered biomarker for mature β cells (Bader et al. 2016 ).
Interestingly, Fltp was essentially silent in both π_I and π_II cells, suggesting that π cells are functionally immature ( Fig. 3C ; Supplemental Table S3 ).
Much to our surprise, Notch pathway ligands, receptors, and downstream targets were also dynamically upregulated in π_I and π_II cells. For instance, Jag1, Notch3, and the Notch downstream targets Hes1, Hes3, Hey1, and Hey2 were broadly upregulated in both π populations. In contrast, Jag2, Notch1, and Notch2 were primarily enriched in π_I cells, while Heyl was only upregulated in π_II cells (Fig. 3C , Supplemental Table S3 ).
Comparative analysis of neonatal and young adult π cells
Multiple lines of evidence demonstrate that π cells cannot be explained as an artefactual result generated by cell doublets of different islet cell lineages. Tables S2, S3 ).
Recent studies of stem/progenitor cell biosynthesis and metabolism have suggested that, to maintain a long-term self-renewal capacity and to minimize oxidative damage, stem cells, including adult quiescent stem cells, keep low levels of global protein synthesis and rely on glycolysis instead of mitochondrial oxidation for energy (Tsatmali et al. 2005; Simsek et al. 2010; Signer et al. 2014; Llorens-Bobadilla et al. 2015; Wanet et al. 2015; Blanco et al. 2016 ).
The majority of π cells in both P7.5 and adult islets expressed the endocrine markers Isl1, Neurod1, and Pax6 at levels comparable to those observed in β, α or δ cells;, neither population however expresses the mature β cell marker Fltp.
Interestingly, π cells were also characterized by promiscuous co-expression of transcription factors and cell markers whose expression is otherwise restricted to distinct, canonical islet cell types, a common feature of stem and progenitor cells that is thought to be associated with lineage plasticity (Hu et al. 1997; Brunskill et al. 2014; Llorens-Bobadilla et al. 2015; Nimmo et al. 2015; Kim et al. 2016 ).
These characteristics of pancreatic π cells indicate that, although relatively rare, they represent a group of immature insulin-expressing cells with expression signatures similar to stem or progenitor cells in other tissues, as suggested by previous studies (Seaberg et al. 2004; Smukler et al. 2011) . This is further supported by studies demonstrating that β cell postnatal maturation, marked with robust glucose-stimulated insulin secretion and decreased proliferation, is associated with enhanced mitochondrial oxidative ATP production (Bader et al. 2016; Yoshihara et al. 2016) . In contrast, reduced insulin production promotes β cell proliferation in a cell autonomous manner (Szabat et al. 2016) .
To further investigate the molecular dynamics of π cells related to other pancreatic islet cells in a developmental content, we generated additional scRNA-seq datasets from E18.5, P1.5, and P4.5 islets. These datasets were pooled and categorized as pre-P7.5 cells for downstream analysis. Importantly, cells with transcriptome profiles similar to P7.5 π_I and π_II cells were also detected in the pre-P7.5 group (although the proportion of these cells was relatively smaller than the one in P7.5 islets). Next, a quantitative measure of cellular progression known as pseudotemporal ordering was used to define the cell populations within pre-P7.5, P7.5, and early adult. We utilized an unsupervised algorithm in Monocle that improves the temporal resolution during a dynamic biological process, such as development (Trapnell et al. 2014; LlorensBobadilla et al. 2015) . This enabled us to order islet cells of different ages based on differentially expressed genes of scRNA-seq datasets from five ages (FDR < 0.01; Materials and Methods; Supplemental Table S4 ). Interestingly, this analysis assigned the earliest points on the pseudotime axis to the majority of π_I, π_II, and adult π cells.
The remaining α cells, β cells, δ cells, and PP cells were broadly dispersed across later points along the pseudotime axis, regardless of ages.
We next examined the pseudotemporal kinetics of select genes associated with various biological functions ( Fig. S4A ), although β cell specific transcription factor
Nkx6.1 was already expressed in the majority of π cells (both neonatal and adult) (Fig.   4B ). Furthermore, we found unique enrichment of Rbpj, a key mediator of canonical Notch signaling that acts as a transcriptional repressor in the absence of NICD, in adult π cells (Supplemental Fig. S4B ).
INS1+ PDGFRB+ P7.5 islet cells have higher proliferative potential
Single cell suspensions from purified P7.5 and young adult (10-week old) MIP1-eGFP islets were subjected to FACS analysis to determine the surface expression pattern of PDGFRB and NOTCH1 on GFP + cells. As expected, much higher percentage of GFP + P7.5 islet cells expressed PDGFRB or NOTCH1 or both on cell surface, compared to GFP + young adult islet cells (Supplemental Fig. S5 ). (Fig. 5A ).
Notch is involved in postnatal β cell expansion and endocrine development
Notch signaling plays key roles in pancreatic development during embryogenesis (Shih et al. 2013; Bar and Efrat 2014) ; however, it is unclear how Notch activation affects endocrine development and β cell expansion after birth. Previous work has demonstrated a role for Notch pathway activation in the proliferation of cultured human β cells (Bar et al. 2008) . Given the association of multiple Notch ligands, receptors and downstream targets with the proliferative populations in the postnatal islet, we sought to determine whether Notch signaling is required for postnatal β cell expansion.
While Notch1, Notch2 and Notch3 receptors exhibit complex overlapping expression in our scRNA-seq datasets, the Notch ligand Jag1 is broadly expressed across the proliferative subsets of cells (Fig. 3C ). Taking advantage of this, we treated postnatal mice (P6.5) with an antibody that antagonizes JAG1-dependent signaling (Lafkas et al. 2015) , and assessed the proliferation of islet β cells by EdU labeling ( scRNA-seq datasets we had already collected (Supplemental Table S5 ). In the acinar cell line, we observed reduced expression of the acinar markers Ptf1a and Krt19 with a corresponding induction of the bipotent ductal/endocrine progenitor marker Hnf1b. In addition, multiple endocrine-related genes involved in hormone transport, along with several established Notch downstream targets, were significantly upregulated (Supplemental Fig. S5A ). This suggests that active Notch signaling can direct cells toward an endocrine lineage fate.
The ectopic expression of NICD1 led to significant changes in the expression of 704 genes in βTC6 cells and 1,133 genes in αΤC1-c9 cells. When compared to the differentially expressed genes in P7.5 islets, 602 of these NICD1-regulated genes were also differentially expressed in P7.5 islets (Supplemental Table S5 ). Hierarchical clustering of these genes using scRNA-seq data from the P7.5 islet cells revealed that a large proportion of genes upregulated by NICD1 in either αΤC1-c9 cells, βTC6 cells or both cell lines exhibited increased expression in π cells relative to mature α cells and β cells. Gene ontology (GO) and signal pathway analysis indicates that these genes are generally associated with developmental tissue remodeling, consistent with the notion that these cells represent proliferative progenitors (Fig. 5C ). Contrary to its previously defined role in ductal lineage identity, we did not observe NICD1-mediated upregulation of ductal specific genes such as Bhlha15, Foxa2, Gata4, Hnf1b, Krt19, Muc1, Nr5a2, Onecut1, Pkd2 , and Prox1 in either cell line (Supplemental Table S5 ).
Many of the genes downregulated by NICD1 in either αΤC1-c9 cells or βTC6 cells are involved in the production and secretion of hormones, and showed a dynamic expression pattern in P7.5 islet cells, with decreased expression in π cells, indicating that the Notch pathway plays a role in keeping endocrine lineage cells in an immature state (Fig. 5C ). This dampened hormone production and secretion is a hallmark of proliferative progenitor cells (Szabat et al. 2016 ) and further supports the conclusion that π cells in the young mouse drive postnatal expansion of the β cell compartment.
Discussion
As the most significant period of new β cell formation in both humans and rodents, the postnatal period provides an ideal physiological setting for studying molecular mechanisms orchestrating functional β cell proliferation and differentiation (Meier et al. 2008; Chen et al. 2011; Blum et al. 2012; Arda et al. 2016; Bader et al. 2016 ). In the current study, we have profiled gene expression patterns of mouse islet cells at four neonatal time points (E18.5, P1.5, P4.5, and P7.5), as well as young adult β cell mass postnatal expansion is regulated by PDGF signaling, however, it is unclear whether β cells share equal responsiveness to PDGF stimuli (Chen et al. 2011 ).
Here, we found that PDGF pathway, accompanied by several downstream cell cycle genes, is mainly enriched in postnatal π cells. We further showed that in P7.5 islets Two studies were recently published that used scRNA-seq to investigate the molecular mechanisms regulating postnatal β cell and/or α cell proliferation (Qiu et al. 2017; Zeng et al. 2017) . In both studies, islet cells were pre-selected using FACS to enrich mIns1-H2B-mCherry positive β cells (Zeng et al. 2017) , or Ins1-RFP positive β cells and Gcg-Cre; Rosa-RFP positive α cells (Qiu et al. 2017) . Cells co-expressing multiple hormones were also excluded from data analysis (Qiu et al. 2017 ). In the current study, we apply an unbiased approach to survey islet cells at different ages, therefore include the π cells, which would predict to be excluded from stringent FACS purification due to the relatively lower hormone-specific promoter activity in these cells 
Materials and Methods
Animals, Islet Isolation, and Islet Dissociation
Animals used in this study included MIP1-eGFP (Hara 2003 ) and C57BL/6 mice (Charles River). All mice were housed under specific pathogen-free conditions. The
Genentech Institutional Animal Care and Use Committee (IACUC) approved all animal studies. Due to the small and irregular shape of neonatal pancreatic islets, we isolated E18.5, P1.5, P4.5 and P7.5 islets from heterozygous MIP1-eGFP animals to minimize contamination from non-islet cell types. Young adult islets were collected from 10-12
week old C57BL/6 mice. E18.5, P1.5, P4.5, and P7.5 pancreatic tissue was dissected, cut into small pieces, and incubated in Liberase solution at 37 o C for 10-15 minutes. P21 and adult pancreas tissues were perfused with Liberase solution through the common bile duct then dissected and incubated at 37 o C for 10 minutes. Liberase solution was prepared by dissolving 5 mg Liberase TL (Roche, 05401020001) in 20 ml 1X HBSS buffer containing 25 mM HEPES (pH 7.2), 1.8 mM CaCl 2 , 10 µg/ml DNase, and 0.1% BSA.
Islets were separated from acinar tissue using Histopaque 1077 (Sigma-Aldrich, 10771) density centrifugation. Purified islets were dissociated into single-cell suspension using Accumax cell dissociation solution (Innovative Cell Technologies, AM105) for 15-30 minutes at room temperature. For bulk RNA-seq studies, dissociated GFP + β cells were isolated by fluorescence activated cell sorting (FACS) and dead cells were excluded using SYTOX Blue nucleic acid staining (ThermoFisher Scientific, S11348). For singlecell RNA-seq samples, islets were hand selected twice under a light microscope (young adult C57BL/6 islets) or ultraviolet microscope (E18.5, P1.5, P4.5 and P7.5 MIP1-eGFP islets) to minimize non-islet tissue contamination. Cells were dissociated with Accumax and single cells used for sequencing. Three or four biological replicates were collected at each age for bulk RNA-seq studies. One collection each of E18.5, P1.5, and P4.5 MIP1-eGFP islets, three independent collections of P7.5 MIP1-eGFP islets, and two independent collections of C57BL/6 young adult islets were used for single-cell RNA-seq studies. 
Cell Lines, Vectors, and Transfection
AR42J (CRL-
Anti-JAG1 Treatment
P6.5 C57BL/6 pups were injected once intraperitoneally with anti-JAG1.b70 blocking antibodies at 15 mg/kg (Lafkas et al. 2015) . Anti-Ragweed was used as nontargeting control at the same dose. Three days after antibody treatment, animals were injected intraperitoneally with EdU at 100 mg/kg (ThermoFisher Scientific, A10044).
Animals were sacrificed 24 hours later, pancreata dissected, and tissues fixed in 10%
neutralized formalin overnight at 4 o C for histological analysis.
Immunofluorescence, Microscopy, Flow Cytometry, and Islet Cell Culture
To evaluate β cell proliferation, mouse pancreata were dissected, fixed with 10% buffered formalin overnight at 4 o C, and transferred to 70% ethanol. Dehydrated tissue was processed in a Tissue-Tek VIP overnight and embedded in paraffin the following day. The tissues were cut on a microtome at 5 µm and immunofluorescence staining was performed as previously described (Solloway et al. 2015) . The following antibodies were MultiWavelength Cell Scoring image analysis module in MetaXpress software. An unpaired t-test and two-way ANOVA analysis of EdU incorporation rates were performed using Prism7. In vitro colonies were imaged using ancEVOS Cell Imaging System (ThermoFisher Scientific).
Bulk RNA Library Preparation and Sequencing
RNA was extracted using an RNeasy micro kit (Qiagen) per the manufacturer's protocol including an on-column DNase digestion. Total RNA was used for library generation using an Ovation RNA-Seq System v2 (NuGEN) and the libraries were barcoded using Ovation Rapid DR Multiplex System (NuGEN). Library size was confirmed using a 2100 Bioanalyzer (Agilent Technologies) and DNA concentration determined using a qPCR-based library quantification kit (KAPA). The libraries were multiplexed and sequenced on a HiSeq 2500 (Illumina) to generate 20-30 million singleend 50-base pair reads per library.
Single-Cell RNA Library Preparation and Sequencing
Single-cell suspensions prepared from pancreatic islets were used to capture single cells on 10-17 µm (medium-size) integrated fluidic circuit chips using a C1 Single
Cell Autoprep System per the manufacturer's protocol (Fluidigm). Approximately 350,000 cells per ml were used to prepare the cell suspension at a 60:40 ratio of cells to the C1 suspension reagent prior to loading the chip. After the capture step, chips were visually examined on an EVOS microscope to exclude multiple cells and empty capture sites from library preparation. cDNAs were generated on-chip using a SMARTer Ultra™ Low RNA Kit (Clontech) for the Fluidigm C1 system. Sequencing libraries were prepared on 96-well plates using a Nextera XT DNA sample preparation kit (Illumina).
Library size was confirmed using a 2100 Bioanalyzer (Agilent Technologies) and DNA concentration determined using a qPCR-based KAPA library quantification kit (Roche).
All libraries were sequenced on a HiSeq 2500 platform to generate an average of 2-4 million single-end 50-bp reads per sample (Chen et al. 2017) .
RNA-seq Data Analysis
RNA-seq Data Processing
Ribosomal RNA reads were removed from RNA-seq datasets and the remaining reads were aligned to the mouse reference genome (NCBI Build 37) using GSNAP version '2013-10-10'. We allowed a maximum of two mismatches per 50 base sequence (parameters: ' -M 2 -n 10 -B 2 -i 1 -N 1 -w 200000 -E 1 --pairmax-rna=200000 --clipoverlap'). Transcript annotation was based on the Ensembl gene database (release 67). To quantify gene expression levels, the number of reads mapped to the exons of each gene was calculated (Liu et al. 2014) .
Bulk RNA-seq
Differential expression between groups of bulk RNA-seq samples was computed as normalized counts using the R DESeq2 package. For FACS-isolated MIP1-GFP β cells, DESeq2 analysis yielded a total of 2,310 positive protein-coding genes (FDR < 0.01) between successive stages (E18.5 and P1.5, P1.5 and P7.5, P7.5 and P21, and P21
and adult) or between E18.5 and adult or P7.5 and adult. We defined these changes as differential expression during the β cell maturation process (Supplemental Table S1 ). To determine the overall temporal change in the molecular profile of these cells and the connection between different stages, we hierarchically clustered these 2,310 genes from all 16 samples along two dimensions with sample similarities clustered first (column)
followed by genes (row) (based on log2(RPKM+0.0001))). Biological replicates were treated independently. Euclidean distance and Ward linkage were used ( Figure 1C ,
For NICD1 in vitro overexpression studies, DESeq2 analysis was performed using NICD1-expressing samples and empty-vector treated samples for each cell line.
This analysis yielded 2,008 differentially expressed genes (NICD1 downstream target, FDR < 0.01) for AR42J, 1,133 for αTC1-c9, and 704 for βTC6 (Supplemental Table S5 ).
Single-Cell RNA-seq
Since sequencing of unhealthy and dying cells tend to yield a lower number of detectable genes and doublets tend to yield a higher number of detectable genes, we filtered cells with unusually low or high numbers of reads (two times the standard deviation) out of our sequencing datasets. Therefore, of the total 593 single-cell RNA-seq datasets generated from the five islet stages (E18.5, P1.5, P4.5, P7.5, and adult), we retained 561 datasets for downstream analyses. Each dataset contained a set of 2,947 to 8,759 uniquely detected genes. The majority of noncoding RNAs were expressed at low levels below the threshold of detectability; therefore, we focused our analysis on the 24,391 protein-coding genes to minimize data noise (Supplemental Tables S2, S3 and S4).
To cluster cells based on expression similarity, we excluded genes with less than 0.1 RPKM in all 561 selected cells and genes that fell within in the bottom 10% variance bin. To unmask important cell subtypes or sub-states, we also excluded the top 15 highest expressed cell-type specific genes (genes that share similar expression patterns as Ins1/2, Gcg or Sst): Akr1a1, Cox6a1, Fth1, Gcg, Hint1, Iapp, Ins1, Ins2, Ppy, Pyy, Sst, Tmed3, Ttr, Rn18s , and Snora81, since these genes accounted for greater than 10% of the total mapped reads in the majority of datasets. Ultimately, 17,634 protein-coding genes passed our selection criteria. We next calculated the pairwise Pearson's linear correlation coefficient between each pair of cells for individual age groups based on recalculated RPKM using the total number of counts for these 17,634 genes. E18.5, P1.5, P4.5 datasets were grouped as pre-P7.5, while P7.5 and adult remained independent groups.
Hierarchical clustering of the resulting coefficient matrixes was performed using
Euclidean distance and Ward linkage (MATLAB 8.4.0) . Individual cells were then assigned an identity (α cell, β cell, δ cell, PP cell, α-like cell, β-like cell or π cell) based on the clustered correlation matrix and hormone expression profile (Figures 2A and 3A To resolve molecular differences among different islet cell subpopulations at particular developmental stages, differential expression was computed using the R Monocle package (Trapnell et al. 2014) . We evaluated genes with an expression level ≥ t-SNE (t-distributed stochastic neighbor embedding) analysis of adult islet single cells was performed on 154 cells (data points) with 1,327 differentially expressed genes (log2(RPKM+0.0001)) using the R package Rtsne (default setting), with an initial reduction of feature space by PCA ( Figure 2B ; https://github.com/jkrijthe/Rtsne; default settings).
To reconstruct the pseudotemporal ordering of various stage islet cells, single-cell RNA-seq data from cells of the three age groups were pooled together with α-like, β-like, and unknown cells excluded from the analysis. Monocle was used to perform differential expression analysis and significant genes (FDR < 0.01) were selected for "pseudo-time"
ordering (num_path = 1, reverse = FALSE) (Trapnell et al. 2014) .
To investigate whether the Notch pathway has a role in endocrine lineage identity, we combined 1,133 NICD1 target genes from αTC1-c9 datasets and 704 NICD1 target genes from βTC6 datasets to generate a master list of 1,588 unique NICD1 target genes.
We compared this gene list to the list of genes that were differentially expressed in P7.5
islets. This comparison yielded 602 genes that were both NICD1 downstream targets in the endocrine cell lines and differentially expressed in P7.5 islets. To examine the expression pattern of NICD1 target genes in P7.5 islets, we hierarchically clustered P7.5
single-cell RNA-seq data of these 602 genes. MIP1-GFP + β cells across five ages: E18.5, P1.5, P7.5, P21 and adult (columns). There were three biological replicates each stage, except for P21 (four replicates). Genes are clustered into 4 groups based upon the patterns, and some representative genes are listed next to each block. Data (log2(RPKM+0.0001)) were standardized along the rows such that the mean is 0 and the standard deviation is 1. Green and red colors correspond to minimum and maximum expression, respectively. Selected, top significantly enriched GO terms for genes in the first three clusters (cluster I, cluster II and cluster III) are listed next to the heatmap. Select the ones (602 genes) that were also differentially expressed in P7.5 islet cells
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